Abstract Inosine is the first metabolite of adenosine. It exerts an antinociceptive effect by activating the adenosine A 1 and A 2A receptors. We have previously demonstrated that inosine exhibits antinociceptive properties in acute and chronic mice models of nociception. The aim of this study was to investigate the involvement of pertussis toxinsensitive G-protein-coupled receptors, as well as K + and Ca 2+ channels, in the antinociception promoted by inosine in the formalin test. Mice were pretreated with pertussis toxin (2.5 μg/site, i.t., an inactivator of G i/0 protein); after 7 days, they received inosine (10 mg/kg, i.p.) or morphine (2.5 mg/kg, s.c., used as positive control) immediately before the formalin test. Another group of animals received tetraethylammonium (TEA) or 4-aminopyridine (4-AP) (1 μg/site, i.t., a non-specific voltage-gated K + channel blockers), apamin (50 ng/site, i.t., a small conductance Ca 2+ -activated K + channel blocker), charybdotoxin (250 pg/site, i.t., a largeconductance Ca 2+ -activated K + channel blocker), glibenclamide (100 μg/site, i.t., an ATP-sensitive K + channel blocker) or CaCl 2 (200 nmol/site, i.t.). Afterwards, the mice received inosine (10 mg/kg, i.p.), diclofenac (10 mg/kg, i.p., a positive control), or morphine (2.5 mg/kg, s.c., a positive control) immediately before the formalin test. The antinociceptive effect of inosine was reversed by the pre-administration of pertussis toxin (2.5 μg/site, i.t.), TEA, 4-aminopyridine, charybdotoxin, glibenclamide, and CaCl 2 , but not apamin. Further, all K + channel blockers and CaCl 2 reversed the antinociception induced by diclofenac and morphine, respectively. Taken together, these data suggest that the antinociceptive effect of inosine is mediated, in part, by pertussis toxinsensitive G-protein coupled receptors and the subsequent activation of voltage gated K + channel, large conductance Ca 2+ -activated and ATP-sensitive K + channels or inactivation of voltage-gated Ca 2+ channels. Finally, small conductance Ca 2+ -activated K + channels are not involved in the antinociceptive effect of inosine.
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Introduction
Inosine, a metabolite of the purinergic system, is an endogenous nucleoside produced through the breakdown of adenosine in intracellular and extracellular spaces [1] [2] [3] . Purine nucleosides, such as adenosine and its primary metabolite, inosine, are low-molecular-weight molecules that participate in a wide variety of intracellular biochemical processes. Nucleosides also have important roles as extracellular signaling molecules [4] . Inosine acts directly on the coronary artery, causing relaxation [5] and reducing the total peripheral resistance [6, 7] . Besides cardiovascular effects, inosine also exhibits immunomodulatory and neuroprotective effects and stimulates the production of the anti-inflammatory IL-10 [8] . Inosine potently inhibits the release of inflammatory cytokines and chemokines [9] , reduces the migration of human monocytes and neutrophils in vitro and decreases TNF-α production [10] .
We have previously demonstrated that inosine exhibits antinociceptive properties in acute and chronic rodent models of nociception. Furthermore, we have shown that the antinociceptive action of inosine involves the activation of the A 1 and A 2A adenosine receptors, but not the A 2B receptor [11] .
Notably, the activation of adenosine receptors involves various intracellular transduction mechanisms, including pathways activated by G i/0 and G s/q. A 1 receptor is coupled to G i/0 protein family. Most of the biological effects induced by A 1 receptor activation, including antinociceptive effect, are due to inhibition of cAMP second messenger, consequence of the inhibition of adenylate cyclase activity by the α inhibitory G-protein subunit [12] [13] [14] . Furthermore, A 1 receptor agonists can directly activate K + channels, promoting the hyperpolarization of the cell membrane and reduction of neuronal excitability. A 2A receptor is coupled to G s protein family. A 2A receptor activation induces cAMP increased production due to increased activity of the enzyme adenylate cyclase promoted by the α excitatory G-protein subunit. With the enhancement in cAMP intracelular levels, PKA becomes able to activate several pathways through PKC, calcium channels, cAMP responsive element-binding (CREB), MAPK, PLC activation, which are all involved in the activation of pain response. Furthermore, A 2A receptor agonists can directly open K + channels, promoting the hyperpolarization of the cell membrane and reduction of neuronal excitability, which are all involved in the inhibition of pain response [12, 13, 15, 16] . Thus, the role of A 1 R in pain control is well described; however, there are conflicting results regarding the role of the A 2A R in pain and nociception.
According 
Material and methods
Animals Experiments were conducted using male Swiss mice (25-35 g ) maintained at 22±2°C with free access to water and food and housed under a 12:12 h light:dark cycle. Animals were acclimatized to the laboratory for at least 1 h before testing and were used only once throughout the experiments. All experiments were approved by the Ethics Committee for Animal Research of the Universidade Federal de Santa Catarina (Protocol No. PP00484), and all efforts were made to minimize animal suffering and to reduce the number of animals used in the experiments.
Drugs Reagents were purchased from suppliers as indicated: formalin (Merck, Darmstadt, Germany), inosine and pertussis toxin (Sigma Chemical Co., St. Louis, USA), diclofenac (Medley S/A, São Paulo, Brazil), morphine hydrochloride (Merck, Darmstadt, Germany), tetraethylammonium (TEA), 4-aminopyridine, charybdotoxin, apamin, and glibenclamide (Tocris Cookson Inc., Ellisville, USA). Diclofenac and glibenclamide were dissolved in saline with 5 % Tween 80, whereas all the other drugs were dissolved in isotonic (0.9 % NaCl) saline solution immediately before use.
Drug administration Pertussis toxin, K
+ channel blockers and CaCl 2 were administered by intrathecal (i.t.) injection in a volume of 5 μl per mouse. To perform an i.t. drug injection, a 30½-gauge stainless needle attached to a 50-μL Hamilton microsyringe was inserted between the L5 and L6 vertebrae of conscious mice, and 5 μL of drug solution was injected into the subarachnoid space (modified from Hylden and Wilcox [20] ). Inosine (10 mg/kg) and diclofenac (10 mg/kg, used as a positive control) were administered by i.p. injection in a volume of 10 ml/kg body weight. Morphine (2.5 mg/kg, s.c., used as a positive control) was injected by s.c. injection in a volume of 10 ml/kg body weight. All procedures, doses, and administration routes of the various drugs were chosen on the basis of previous studies [22] [23] [24] [25] 36] or in preliminary experiments carried out in our laboratory (data not shown).
Formalin test The procedure used was essentially the same as that described previously [21] with minor modifications. Animals received 20 μl of a 2.5 % formalin solution (0.92 % formaldehyde) made up in saline, injected intraplantarly (i.pl.) into the ventral surface of the right hindpaw. Animals were observed from 0-5 min (neurogenic phase) and from 15-30 min (inflammatory phase). Animals received inosine (10 mg/kg, i.p.), diclofenac (10 mg/kg, i.p.) or morphine (2.5 mg/ kg, s.c.) 30 min beforehand. Control animals received vehicle (10 ml/kg, i.p.). After the i.pl. formalin injection, animals were immediately placed in a glass cylinder 20 cm in diameter. The time each spent licking the injected paw was recorded with a chronometer and considered indicative of nociception. In the current study, we noticed the behavior only in the inflammatory phase of the formalin test due to the occurrence of antinociception caused by inosine solely in this phase [11] .
Role of pertussis toxin-sensitive G-protein coupled receptors
To determine the involvement of G i/0 protein-coupled receptors in the antinociceptive action of inosine, mice were pretreated with pertussis toxin (2.5 μg/site, i.t.), an inactivator of G i/o protein. A control group was pretreated with saline (5 μl/site, i.t.). The experiment was carried out as described by Meotti et al. [22] . Seven days after the pretreatment, mice received vehicle (10 ml/kg), inosine (10 mg/kg, i.p.), or morphine (2.5 mg/kg, s.c.) as a positive control. After 30 min, the animals received an injection of formalin 2.5 % (20 μl/site, i.pl.).
Role of K + and Ca 2+ channels on the antinociceptive effect of inosine
We also investigated the possible role played by different types of potassium and voltage-gated Ca 2+ channels in the antinociceptive action of inosine during the second phase of the formalin test. Animals were pretreated by intrathecal (i.t.) route with TEA (1 μg/site, a non-selective blocker of voltage-sensitive K + channels), 4-aminopyridine (1 μg/site, a non-selective blocker of voltage-sensitive K + channels), apamin (50 ng/site, a blocker of small (or low)-conductance Ca 2+ -sensitive K + channels), charybdotoxin (250 pg/site, a blocker of large (or fast)-conductance Ca 2+ -sensitive K + channels), glibenclamide (100 μg/site, a blocker of ATPsensitive K + channels), and CaCl 2 (200 nmol/site). After 15 min, they received inosine (10 mg/kg, i.p.), diclofenac (10 mg/kg, i.p.), or morphine (2.5 mg/kg, s.c.). The nociceptive responses to formalin were recorded 30 min after the administration of inosine, diclofenac, or morphine (used as positive control).
Statistics
The results are presented as the mean (S.E.M.) obtained using GraphPad software (GraphPad software, San Diego, CA). Data were analyzed by one-way ANOVA followed by the Newman-Keuls test. P values less than 0.05 were considered significant.
Results

Involvement of pertussis toxin-sensitive G-protein coupled receptors in the inosine antinociceptive effect
To perform the following experiments, we used inosine 10 mg/kg, i.p. The dose was selected based on our recently published study [11] . The results illustrated in Fig. 1 shows that the intrathecal administration of pertussis toxin, an inactivator of G i/o protein (2.5 μg/site, i.t., for 7 consecutive days), resulted in complete inhibition of morphine (2.5 mg/ kg, s.c.)-induced antinociception when assessed in formalininduced nociception. Under the same conditions, pertussis toxin partially, but significantly, inhibited the antinociceptive effect promoted by inosine (10 mg/kg, i.p.). The results depicted in Fig. 2a-e show the effect of the K + channel blockers in the antinociceptive effect promoted by inosine. Intrathecal pretreatment of mice with TEA (1 μg/site) and 4-aminopyridine (1 μg/site) significantly reversed the antinociceptive effect of inosine (Fig. 2a, b) . Figure 2c, d shows that charybdotoxin (250 pg/site), but not apamin (50 ng/site), prevented the antinociception caused by inosine. Figure 2e shows that glibenclamide (100 μg/site) reversed the antinociceptive effect of inosine. However, pretreatment of mice with TEA, 4-aminopyridine, charybdotoxin, apamin, and glibenclamide prevented the antinociceptive action caused by diclofenac (10 mg/kg, i.p.) (see [23] and Fig. 2a-e) . Moreover, when administered individually, none of the K + channel blockers affected formalin-induced pain.
Involvement of calcium channels in the inosine antinociceptive effect
Pretreatment with CaCl 2 , (200 nmol/site, i.t.) prevented the antinociceptive effect of inosine and morphine on formalininduced pain (Fig. 3) . When administered individually, CaCl 2 did not affect the nociception caused by formalin.
Discussion
In our recent study, we demonstrated that inosine effectively reduces acetic acid-, glutamate-induced pain and the inflammatory phase of the formalin test through the activation of the A 1 and A 2A adenosine receptors [11] . The present study extends the knowledge of inosine actions and shows that pertussis toxin-sensitive G i/0 -protein coupled receptors, K + channels and voltage-gated Ca 2+ channels are involved in the antinociceptive effect of inosine.
Many clinical drugs, such as opioids, GABAergic agonists, and α-2 agonists among others, are ligands and acts via pertussis toxin-sensitive G-protein coupled receptors [24] . Of note, a ligand binding to its receptor activates the coupled G-protein, dissociating the inhibitory subunit αi from the initial trimer formed by the subunits αβγ. This dissociation between the subunits Gαi and Gβγ initiates an orchestrated cascade of intracellular events responsible for the antinociceptive effect of the ligand, like morphine for example [25] [26] [27] .
Pertussis toxin inactivates the inhibitory G i/0 -protein via ribosylation of the α-subunit. The inactivated G i/0 protein is not able to inhibit adenylate cyclase, the enzyme responsible for the elevation of intracellular cAMP. Thus, inactivation of the G i/0 protein by pertussis toxin causes an increase in intracellular cAMP levels [28] . Therefore, the pertussis toxin is able to prevent activation of the intracellular cascade of events responsible for the antinociceptive effect of morphine or another ligand of pertussis toxin-sensitive G-protein coupled receptors.
In the current study, we found that pertussis toxin pretreatment was able to reverse morphine-(used as a positive control) and inosine-induced antinociception. These data suggest that inosine-induced antinociception is mediated by pertussis toxin-sensitive G i/0 -protein coupled receptors. Based on our previous data, we further suggest that the A 1 adenosine receptor is the main G-protein coupled receptor responsible for transducing the antinociceptive effect of inosine. Activation of G i/0 -protein coupled receptors can promote the opening of some types of K + channels. Agonists of G-protein coupled receptors such as opioid, adrenergic, serotoninergic, GABAergic, cannabinoid, and adenosinergic receptors are able to open K + channels and consequently decrease nociception [29] [30] [31] [32] . K + channels are classified by their protein structures and their phylogenetic relationships; the four types include voltage-gated (K v ), calcium-activated (K Ca ), inward rectifier (K ir ), and twopore (K 2P ) K + channels [29, 33] . Several classical analgesics and NSAIDs, such as tramadol, diclofenac, meloxicam, and ketorolac, also inhibit the inflammatory phase of the formalin test. In light of the classification of the K + channels, the analgesic action of these drugs may be partially explained by the opening of distinct K + channels [29, [34] [35] [36] . Several studies have demonstrated that activation of Larginine-NO-cGMP-K + channel pathway is involved in the antinociceptive effect of diclofenac and other NSAIDs [37] [38] [39] [40] . L-arginine is used as a substrate for NOS in order to produce NO. NO, in turn, is able to activate the enzyme guanylate cyclase, stimulating the synthesis of cGMP. Finally, cGMP can interact with different targets, among them, K + channels, promoting the opening these channels [for review see 41] . The opening of K + channels leads to hyperpolarization of the cell membrane hindering the transmission of nociceptive stimulus along the CNS. Considering this signaling pathway, the opening of K + channels represents the final step involved in the antinociceptive effect of diclofenac. Therefore, blockade of different types of K + channels using different blockers can reduce the analgesic effect promoted by diclofenac, indicating that its analgesic effect depends on the opening of K + channels. The present investigation showed that the antinociceptive effect of inosine was blocked by pretreatment with intrathecal TEA and 4-aminopyridine, non-selective voltage-gated K + channel inhibitors, suggesting that the opening of this kind of K + channel is important for the antinociception induced by inosine. Moreover, the intrathecal administration of charybdotoxin, but not apamin, a small-conductance Ca -activated K + channels [42] . Therefore, the blockade of the inosine-induced antinociceptive effect by charybdotoxin suggests that inosine may induce its antinociceptive effect through the activation of intermediate-and large-conductance Ca 2+ -activated K + channels. However, because it is possible that charybdotoxin also blocks voltagegated K + channels [43] , we cannot unequivocally affirm that large-conductance Ca 2+ -activated K + channels are involved in inosine-induced antinociception in the formalin test. Intrathecal administration of glibenclamide reversed the antinociceptive effect of inosine, suggesting that inosine activates ATPsensitive K + channels to reduce formalin-induced pain. Alone and at the concentrations used in this work, the K + channel blockers (TEA, 4-aminopyridine, charybdotoxin, apamin, and glibenclamide) did not modify the pain threshold induced by formalin.
Notably, hyperpolarization resulting from the activation of K + channel subtypes, especially the large-conductance Ca 2+ -activated K + channel, reduces the amount of neurotransmitters released by shortening the duration of depolarization that allows Ca 2+ influx through voltage-gated Ca 2+ channels [44] . The analgesic action of some important drugs, like morphine and Prialt ® , can be partially explained by the closing of voltage-gated Ca 2+ channels (VGCCs) and subsequent reduction of Ca 2+ influx. The VGCCs are divided into two categories: high-voltage-activated channels, including L-, N-, P/Q-and R-type Ca 2+ channels that require strong depolarization for activation, and low-voltage-activated T-type Ca 2+ channels that can be triggered by much milder depolarization. In the central nervous system, these channels carry out a variety of actions, regulating activity-dependent gene expression, synaptic transmission and neuronal excitability. The VGCCs most extensively studied in nociception are the N-, P/Q-and T-type Ca 2+ channels [45] [46] [47] . It is well established that an increase in intracellular Ca 2+ has an important role in neurotransmitter release, cell membrane excitability, activation of intracellular proteins, and reduction of the pain threshold [48] [49] [50] . The concentration of intracellular Ca 2+ is regulated by several mechanisms; one such mechanism is the influx of Ca 2+ via VGCCs through the plasma membrane. The VGCC channels are inhibited by G i/o -protein-coupled receptors. Consequently, intracellular Ca 2+ levels are reduced and the pain threshold decreases [19] . Our results demonstrated that the pretreatment of mice with CaCl 2 prevented the antinociceptive effect promoted by inosine, suggesting the participation of voltage-gated Ca 2+ channels in the effect caused by inosine. Figure 4 shows the probable mechanism involved in the antinociceptive effect of inosine, from receptor activation through the modulation of K + and Ca 2+ channels.
Conclusion
Our results confirm and extend previous data that show that inosine exhibits a significant antinociceptive action during the inflammatory phase of formalin-induced pain in mice. Furthermore, this effect requires pertussis toxin G i/0-protein coupled receptors, voltage-gated K + channels, large-conductance Ca 2+ -activated K + channels and ATP-sensitive K + channels, but does not involve the opening of small-conductance Ca 2+ -activated K + channels. Inosine-induced antinociception also involves the inhibition of voltage-gated Ca 2+ channels.
